Abstract. Microcirculation imaging is a key parameter for studying the pathophysiological processes of various disease conditions, in both clinical and fundamental research. A full-range spectral-domain correlation mapping optical coherence tomography (cm-OCT) method to obtain a complex-conjugate-free, full-range depth-resolved microcirculation map is presented. The proposed system is based on a high-speed spectrometer at 91 kHz with a modified scanning protocol to achieve higher acquisition speed to render cm-OCT images with highspeed and wide scan range. The mirror image elimination is based on linear phase modulation of B-frames by introducing a slight off-set of the probe beam with respect to the lateral scanning fast mirror's pivot axis. An algorithm that exploits the Hilbert transform to obtain a complex-conjugate-free image in conjunction with the cm-OCT algorithm is used to obtain full-range imaging of microcirculation within tissue beds in vivo. The estimated sensitivity of the system was around 105 dB near the zero-delay line with ∼20 dB roll-off from AE0.5 to AE3 mm imagingdepth position. The estimated axial and lateral resolutions are ∼12 and ∼30 μm, respectively. A direct consequence of this complex conjugate artifact elimination is the enhanced flow imaging sensitivity for deep tissue imaging application by imaging through the most sensitive zero-delay line and doubling the imaging range. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Optical coherence tomography (OCT) is an emerging noninvasive imaging technique for anatomical and functional subsurface imaging with great potential for a wide range of biomedical applications. 1 Within the last decade, OCT and its functional variants has been successfully used for in vivo biomedical imaging for a range of applications, especially in the fields of ophthalmology and intravascular imaging, and has a potential for future "optical biopsy" in dermatology as well as for applications outside the field of biomedical imaging. 2 Through developments of endoscopic probes, it can be applied to epithelial cancers on any accessible surface. With the recent advances in light source and detection technology, the development in OCT has shifted toward spectral-domain OCT (SDOCT) and swept-source OCT (SSOCT), since it has been shown that these frequency-domain OCT versions have advantages in terms of acquisition speed and sensitivity, as compared to time-domain OCT. [3] [4] [5] Recently, the functional extension of the OCT technique to image depth-resolved microcirculation has become a very promising area of research. There is a growing interest in the field of development of various types of OCTbased angiographic techniques, which aims to visualize the lumens and architecture of blood vessels in many clinical and fundamental areas of research, including cardiology, dermatology, neurology, ophthalmology, small animal imaging studies, and so forth. 6 OCT-based angiography techniques utilize the red blood cell scattering dynamics as contrast mechanism, which exhibits phase or amplitude fluctuations over time, while the static tissue scattering is relatively constant over time. There are mainly three categories of OCT-based angiography methods, which are essentially based on the utilization of the complex nature of the OCT signal to obtain the microcirculation map: phase-based techniques, [7] [8] [9] [10] [11] magnitude-based techniques, [12] [13] [14] [15] [16] [17] and techniques that use the complex data, [18] [19] [20] [21] [22] [23] incorporating both magnitude and phase information. Optical Doppler tomography or Doppler OCT (D-OCT) is an example of a purely phase-based technique for imaging flow velocity of moving particles in a highly scattering medium. 7, 8 In D-OCT, based on SD or SS implementation, the blood circulation is evaluated by taking the phase difference between adjacent A-line scans in B-frame. [7] [8] [9] [10] [11] Although the D-OCT algorithm is capable of imaging and quantification of flow velocity in relatively large blood vessels, 8, 24 the velocity of the dynamic component of small vessels are underestimated due to the presence of static scattering. 20, 24 Moreover, this technique is sensitive to the Doppler angle and is unable to detect the flow components perpendicular to the scanning beam. 25, 26 Phase variance 11 and Doppler variance are other alternative phase-based methods developed for the visualization of microcirculation.
Unlike D-OCT, these methods are insensitive to Doppler angle. These methods are capable of detecting both transverse and axial flow, and do not require any nonperpendicular beam of incidence. Optical microangiography (OMAG) 18 and rapid volumetric angiography 21 are examples of techniques that utilize the complex field of both amplitude and phase of the OCT signal. OMAG utilizes a modified Hilbert-transform-based algorithm to separate the dynamic scatterers from static tissue background. By applying the OMAG algorithm along the slow scanning axis, high-sensitivity imaging of capillary flow can be achieved. For obtaining high sensitivity, OMAG requires the removal of bulk motion artifact by resolving the Doppler shift. Recently, the flow sensitivity of OMAG has been enhanced using a new processing and scanning protocol termed ultra-high-sensitive OMAG, 20 which utilizes the OMAG algorithm in the C-scan direction to obtain high-sensitivity flow map. To date, based on SDOCT technology, a couple of OCT angiography techniques utilizing the complex field of the OCT signal have been proposed by various research groups. [28] [29] [30] However, phase-based methods are more susceptible to the axial movement of bulk tissue and other sources of motion artifacts such as galvanometer jitter, physiological motion, and thermal drift, which require more sophisticated methods of the bulk motion phase correction. On the other hand, magnitude-based angiography techniques are purely based on the amplitude of the OCT signal. Techniques termed speckle-variance OCT 12, 13 and split-spectrum amplitude decorrelation angiography 16 are examples of magnitude-based methods. Unlike phase-based technique, magnitude-based techniques are insensitive to bulk phase changes and, therefore, do not require any sophisticated phase correction methods.
Correlation mapping OCT (cm-OCT) 14, 15 is another purely magnitude-based angiography technique developed by our group, which takes advantage of the time-varying speckle effect, which is normally dominant in the vicinity of vascular regions compared to static tissue region. It utilizes the correlation coefficient as a direct measurement of decorrelation between two adjacent B-frames to enhance the visibility of microcirculation. By using an unmodified commercial SSOCT system (OCM1300SS, Thorlabs Inc., Newton, NJ) with an axial scan rate of 16 kHz, we have successfully used cm-OCT for a number of biological imaging applications, such as small animal cerebral perfusion imaging, human cutaneous and volar forearm microcirculation imaging, etc. However, the reported cm-OCT was based on a commercial SSOCT system with a relatively slow axial-scan rate and which does not provide direct control over the scan patterns to implement repeated scanning over the same B-scan location to provide better correlation contrast. Thus, this system requires a dense scan protocol to accomplish better correlation between adjacent B-frames such that the interframe separation was within the resolution limit of the OCT system to ensure strong correlation between adjacent frames. The overall acquisition time for a scan area of 3 mm × 3 mm × 3 mm (1024 × 1024 × 512) was ∼70 s, which drastically limits the overall system performance for real-world in vivo imaging applications.
In this paper, in order to overcome these limitations, we present an improved cm-OCT technique based on a custombuilt high-speed SDOCT system and introduced a modified scanning protocol with full-range complex-conjugate-free imaging capability. The modified scanning protocol measures repeated B-scans at the same location to generate a highsensitivity correlation map between successive B-frames and a constant modulation frequency was introduced into the spatial interferograms to provide complex-conjugate-free cm-OCT images. Thus, this method has the additional advantages of doubling the depth range, which enables access to the high-sensitivity imaging region close to the zero optical path delay (OPD). We implemented the full-range imaging by offsetting the sample beam from the pivot axis of the x-scanner. [28] [29] [30] [31] [32] This causes a path length modulation during x-scanning, thus introducing a modulation frequency in the B-scan interferograms. Another advantage of this method is that any additional phase shifting elements normally needed to realize frequency modulation in a single B-scan are avoided. Furthermore, the modulation frequency is inherently given by the system itself. These aspects provide us a potential to achieve high-speed full-range complex cm-OCT imaging without restriction on any additional hardware component, and without limitation on the imaging speed, which is important for in vivo imaging applications. This scanning protocol can provide better background suppression and wide scanning with a relatively short acquisition time.
Experimental Setup and Methods

High-Speed Full-Range Spectral-Domain OCT System
The schematic of the high-speed full-range SDOCT setup is depicted in Fig. 1 . A broadband 1310 nm superluminescent diode with bandwidth of 83 nm (SLD, Dense Light, Singapore) was coupled into the interferometer, via an optical coupler. The spectrometer consisted of a 50-mm focal length collimator, a 1145 − lines∕mm transmitting grating, an achromatic lens with a 100-mm focal length, and a 14-bit, 1024-pixels InGaAs line scan camera (SU1024LDH2, Goodrich Ltd., USA) with a maximum acquisition rate of 91 kHz. This spectrometer setup had a spectral resolution of 0.1432 nm, which gave a maximum imaging range of ∼6 mm (in air). The measured axial imaging resolution of the system was ∼12 μm in air (∼9.2 μm in human skin). The sample arm consists of a pair of galvanometric driven mirrors and a 5× objective (LSM003Thorlabs Inc.), which provided a lateral resolution of ∼30 μm. The measured sensitivity of the system was ∼105 dB near the zero-delay line. The sensitivity dropoff of the system was ∼20 dB at a depth range of AE3 mm.
The inset in Fig. 1 shows the scanner mirror offset-based phase modulation technique implemented for obtaining the complex-conjugate-free full-range OCT. This is a direct adoption of the modulation technique originally developed by Podoleanu et al., 28 for generating a stable carrier frequency for an en-face OCT scanning system, and further developed by several other groups. [29] [30] [31] To achieve full-range cm-OCT imaging, we first added a constant phase shift into adjacent A-lines by offsetting the incident beam of sample arm away from the pivot of the x-scanner. The resultant modulation frequency f c can be expressed as 32 f c ¼ 4δω∕λ;
(1) where δ is the offset displacement of the sample beam away from the pivot point on the x-scanner, as shown in the inset of Fig. 1(b) , and ω is the angular scanning frequency of the x-scanner during imaging. In our case, the displacement δ was set 1.6 mm away from the pivot point. Thus, with a B-frame scanning frequency of 150 Hz, the set angular velocity was ∼4.7 rad∕s, which corresponds to a modulation of ∼22.96 kHz.
Scanning Protocol
A modified scanning protocol was implemented with LabVIEW and National Instrument's (NI) analogue board (NI PCI-6713) to specifically enable fast acquisition and processing of correlation mapping. In this study, the camera integration time was set at 6.96 μs for imaging, allowing ∼ < 1 μs for downloading the spectral data from line detector (1024 pixels, A scan) to the host computer via CameraLink™ and a high-speed frame grabber board (NI PCI 1428, NI, USA). This configuration determined a line scan rate of ∼91 kHz for the camera. With this configuration, the Bscan frame rate of the system was set to ∼150 frames per second. To achieve three-dimensional (3-D) imaging, we used two galvo-scanners to raster-scan the focused beam spot across the sample in the fast-scan direction (i.e., B-scan) and 512 A-lines were set to cover 4 mm. Unlike the previous version of the cm-OCT scanning protocol, which requires a 3-D volume with dense sampling of B-frames, this modified scanning protocol captures repeated B-frames in the same lateral position to provide high-contrast correlation. In the slow-scan direction (i.e., C-scan), 200 sampling positions were set to cover a 4 mm distance and four repeated B-scans were set at every C-scan position to reconstruct the cm-OCT flow map. Thus, the total acquisition time to record 800 B-frames was ∼5.4 s. By implementing this repeated scanning protocol, the texture pattern artifact caused by the difference in optical heterogeneity of tissue could be suppressed. 33 Moreover, the repeated scan protocol provides the calculation of the correlation map in an intralocation manner within the sample, which allows additional capability of providing wide-field imaging.
Full-Range Image Reconstruction and Correlation
Mapping Algorithm Figure 2 shows the schematic of a flow diagram illustrating the implemented scanning protocol and image reconstruction method. As described above, the scan protocol samples the same lateral position four times per volume. For 3-D imaging, we set a scan volume of 4 mm × 3 mm × 6 mm (xyz) with a voxel size of 512 × 1024 × 200 (xyz). In order to obtain the full-range amplitude profile, an algorithm based on Hilbert transform was employed. Before applying this full-range reconstruction algorithm, the autocorrelation, self-cross correlation, and fixed camera noises inherent with the SDOCT were eliminated by subtracting a reference spectrum, which is obtained by taking the ensemble average of the whole volumetric fringe data. Then the subtracted spectra were remapped from λ-domain to k-domain by the spline interpolation method.
To obtain the full-range amplitude OCT image, first, the Hilbert transformation is performed along the B-scan direction to obtain the complex interferograms. Then the Fourier transformation is applied along the k space value (in the zdirection). For volumetric reconstruction of microcirculation, the correlation mapping algorithm is directly applied to the reconstructed full-range amplitude OCT images as shown in Fig. 2 . Briefly, cm-OCT is an interframe microcirculation imaging method based on purely processing the amplitude of the OCT signal. First, two full-range amplitude OCT images were calculated by averaging the two consecutive frames of the four OCT images captured at the same lateral position to obtain good sensitivity. Then the correlation between these two full-range OCT B-frames is determined by cross-correlating a grid from frame A (average of frames 1 and 2) to the same grid position from frame B (average of frames 3 and 4) using the following equation: 
where M and N are the grid size andĪ is the grid's mean value. This grid is then shifted across the entire XY fullrange OCT image and a two-dimensional correlation map is generated. The resulting correlation map contains values in the range of −1 to þ1, indicating negative strong correlation and strong correlation, respectively. In this particular study, we optimize the static tissue features with a threshold correlation value >0.6 and the correlation value ranging between þ0.6 to −0.6 is used for mapping the microcirculation. A grid kernel size of 5 × 5 was empirically chosen to obtain optimal performance with the tradeoff of processing time. Custom-written software based on Java was used to implement the correlation-mapping algorithm, which includes the background noise suppression using a structural mas k and enables the reconstruction of both structural and microcirculation map. 15 This software requires only ∼30 s to process and render a volumetric image of size 512 × 1024 × 200 (x × z × y).
Results and Discussion
Phantom Study
To test the feasibility of our proposed complex-conjugate-free full-range cm-OCT method, we first performed a flow phantom experiment with intralipid particles in a set of three translucent capillary tubes. The flow phantom was made from synthetic clay (Blu-Tack®, Bostik, Wauwatosa, Wisconsin) to simulate the background optical heterogeneity of the tissue, and three capillary tubes with an inner diameter of ∼500 μm were submerged in this. The capillary tube was filled with a 2% intralipid solution, which was allowed to move under Brownian motion. For imaging, the flow phantom was placed under the scan head of the imaging system such that the sample remained at one side of the zero-OPD; then 800 B-frame images were taken over an area of 4 mmðxÞ × 6 mm (z) in approximately 5.4 s. While imaging, we axially displaced the sample in order across the zero-OPD to demonstrate the system capability of enhanced sensitivity and full-range extended depth-imaging capability. Figure 3 (a) (Video 1) shows the cross-sectional structural fly-through images of the flow phantom using standard spectral-domain processing algorithm, by applying the correlation-mapping algorithm to the same OCT amplitude images; the corresponding cross-sectional flow images are shown in Fig. 3(b) (Video 2). With this standard spectral-domain processing, it is clearly evident that the true object structural and flow images are obscured by the overlapping mirror image due to the complex conjugate artifact. However, Fig. 3 (c) (Video 3) and 3(d) (Video 4) shows the result of structural and cm-OCT flow maps derived from the same set of spectral fringe data with full-range complex conjugate removal algorithm. As can be seen in Fig. 3(c) and 3(d) , the complex conjugate mirror artifact could be efficiently suppressed in both structural and correlation-mapping microcirculation image.
In vivo Imaging of Microcirculation in Human Skin
Next, in order to evaluate the system performance for in vivo imaging applications, we imaged the dorsal skin over the distal phalanx of left little finger of a healthy human volunteer. In order to perform imaging, the little finger of the volunteer was fixed on a home-built imaging platform, such that the dorsal skin of the little finger faces the OCT probing beam. Imaging was performed over an area of 4 mm × 3 mm at the location of the nail-fold area (i.e., dorsal skin) over the distal phalanx of the little finger as shown in Fig. 4(a) . The scanning protocol was set to capture 512 A-scans per B-frame over a scan distance of 4 mm. For 3-D imaging, we acquired 200 B-scan sampling positions over a scan range of 3 mm, such that four repeated B-scans were captured at every C-scan position. The set B-frame rate was 150 Hz, and this scan rate was adequate to eliminate most of the effect of residual bulk tissue motion artifact. Thus, the 3-D volumetric data consisted of a total of 800 B-frames with 512 A-lines per B-frame. The volumetric data obtained was processed using the outlined cm-OCT method In the color bar, the higher correlation is shown as darker color, while lower correlation is shown as brighter color. Scale bar is 500 μm. with a kernel size of 5 × 5. Figure 4 (b) and 4(c) shows the crosssectional view of structural image and the corresponding correlation-mapping flow image with conventional spectral-domain processing method. As described above, the true image is hindered by the mirror image due to the complex conjugate artifact. Figure 4 (d) (Video 5) and 4(e) (Video 6) shows the corresponding fly-through of the cross-sectional structural and cm-OCT flow image using the full-range complex conjugate removal algorithm. These results clearly show the capability of fullrange cm-OCT to provide complex-conjugate-free full-range cm-OCT flow image with additional benefits of doubling the measurement range for both structural and microcirculation imaging. It also enables the accessibility of high-sensitivity area near the zero-OPD, which is quite useful for various in vivo experiments. image. The reconstructed cm-OCT map clearly illustrates the normal nail-fold capillary pattern. Typically, the capillary loops physiologically have a hairpin shape and are arranged in parallel longitudinal rows in the proximal nail-fold area. 34 However, the lateral resolution of our system was not good enough to clearly resolve the loops of the capillaries. By using high-numerical aperture objective lens, it could be possible to resolve the hairpin loops of the capillaries. Figure 5 (c) (Video 9) shows the volumetric view of the capillary bed at the proximal nail-fold area. Figure 5(d) shows the maximum intensity projection through the entire volume of the reconstructed cm-OCT flow map.
Summary
In this article, we described and presented a high-speed fullrange complex-conjugate-free SD cm-OCT system. By applying a beam offset method to introduce a modulation frequency and implementing a modified repeated scanning protocol, we optimized the cm-OCT reconstruction algorithm to obtain complexconjugate-free microcirculation maps at an A-scan rate of ∼91 kHz. The high-speed full-range complex-conjugate-free cm-OCT system was then applied to in vivo experiments. With these experiments, we demonstrated the superior performance of full-range cm-OCT system with modified repeated scanning protocol to provide high-speed microcirculation mapping with better contrast for wide-field imaging applications. Compared to conventional cm-OCT, full-range complex-conjugate-free cm-OCT is able to provide double measurement range and higher system sensitivity. Although we demonstrated the full-range complex imaging cm-OCT at ∼91 kHz A-scan rate, the system reported here has no limitations on the imaging speed and can directly be applied to any existing high-speed Fourierdomain OCT setup to achieve volumetric in vivo microcirculation imaging with extended imaging depth range and high sensitivity.
